The origin of zircon grains, and other exotic minerals of typical crustal origin, in mantle-hosted ophiolitic chromitites are hotly debated. We report a population of zircon grains with ages ranging from Cretaceous (99 Ma) to Neoarchean (2750 Ma), separated from massive chromitite bodies hosted in the mantle section of the supra-subduction (SSZ)-type Mayarí-Baracoa Ophiolitic Belt in eastern Cuba. Most analyzed zircon grains (n ¼ 20, 287 AE 3 Ma to 2750 AE 60 Ma) are older than the early Cretaceous age of the ophiolite body, show negative ε Hf (t) (À26 to À0.6) and occasional inclusions of quartz, K-feldspar, biotite, and apatite that indicate derivation from a granitic continental crust. In contrast, 5 mainly rounded zircon grains (297 AE 5 Ma to 2126 AE 27 Ma) show positive ε Hf (t) (þ0.7 to þ13.5) and occasional apatite inclusions, suggesting their possible crystallization from melts derived from juvenile (mantle) sources. Interestingly, younger zircon grains are mainly euhedral to subhedral crystals, whereas older zircon grains are predominantly rounded grains. A comparison of the ages and Hf isotopic compositions of the zircon grains with those of nearby exposed crustal terranes suggest that chromitite zircon grains are similar to those reported from terranes of Mexico and northern South America. Hence, chromitite zircon grains are interpreted as sedimentary-derived xenocrystic grains that were delivered into the mantle wedge beneath the Greater Antilles intra-oceanic volcanic arc by metasomatic fluids/melts during subduction processes. Thus, continental crust recycling by subduction could explain all populations of old xenocrystic zircon in Cretaceous mantle-hosted chromitites from eastern Cuba ophiolite. We integrate the results of this study with petrological-thermomechanical modeling and existing geodynamic models to propose that ancient zircon xenocrysts, with a wide spectrum of ages and Hf isotopic compositions, can be transferred to the mantle wedge above subducting slabs by cold plumes.
Introduction
Recent reports of inherited (i.e. xenocrystic) zircon grains found in supra-subduction zone ophiolitic and juvenile intra-oceanic volcanic arc rocks, with ages and isotopic signatures similar to zircon grains typically found in granites of the continental crust, have been interpreted as evidence of the recycling of supracrustal material within the subduction factory (e.g., Rojas-Agramonte et al., 2016 and references therein) . Similarly, old xenocrystic zircon grains bearing both, crustal and juvenile geochemical signatures, are being increasingly found in chromitite bodies hosted in the upper mantle sections of ophiolitic complexes (Robinson et al., 2004 Lönngren and Kojonen, 2005; Savelieva et al., 2006 Savelieva et al., , 2007 Yamamoto et al., 2013; Belousova et al., 2015; González-Jiménez et al., 2015; Akbulut et al., 2016; Griffin et al., 2016; Lian et al., 2017; González-Jiménez et al., 2017a) , and are also interpreted as mineralogical evidence for the passage of crustal material through the mantle, prior to its return to the shallow lithospheric mantle. The latter interpretation is supported by the fact that many chromitite zircon grains are mostly rounded suggesting sedimentary transport, resorption and overgrowths (e.g., Robinson et al., 2015) . Furthermore, these xenocrystic zircon grains in chromitites hosted in the oceanic mantle are usually accompanied by other exotic minerals of typical continental crustal origin (e.g., quartz, K-feldspar, corundum, kyanite, andalusite, almandine garnet, apatite, rutile, titanite) Robinson et al., 2015 and references therein) .
The mechanisms for recycling of crustal material into the mantle are varied and include both subduction or delamination and detachment of continental crust (e.g., Bea et al., 2001; Stern, 2002; Gao et al., 2004; Scholl and von Huene, 2009; Spandler and Pirard, 2013; Yamamoto et al., 2013; Zhou et al., 2014; Robinson et al., 2015; Rojas-Agramonte et al., 2016) , which can be temporally and spatially related to the chromitite-forming event. Furthermore, the occurrence of diamond, moissanite and other ultra-high pressure (UHP) and ultrareduced phases in the same chromitite bodies suggests recycling into the deep mantle down to the transition zone (TZ) and, perhaps, deeper (e.g., Arai, 2013; McGowan et al., 2015; Yang et al., 2015; Griffin et al., 2016) . Ascent of TZ material to shallow lithospheric depths has been related to mantle plume which rose through the TZ Xiong et al., 2015; Xu et al., 2015) or with slab roll-back (McGowan et al., 2015; Griffin et al., 2016) .
On the other hand, Belousova et al. (2015) have provided an alternative hypothesis to explain the formation of ancient crustal zircon grains in chromitites from the Coolac serpentinite belt (New South Wales, Australia). In this case, the crustally derived zircon grains were physically introduced into the ophiolitic mantle chromitites after their obduction by melts/fluids derived from neighboring granite intrusions via a microscopic melt network. In addition, some zircon grains, with euhedral morphology and magmatic zoning in mantle-hosted ophiolitic chromitite, have been related to the timing of chromitite formation. The Hf and O isotope composition of these zircon grains suggest mixing between mantle-derived and slab (crustal component)-derived melts (McGowan et al., 2015; Griffin et al., 2016) .
This new question in geoscience can be solved in scenarios where the populations of zircon grains in both the mantle and the corresponding overlying crust have similar ages and geochemical signatures. Suprasubduction zone (SSZ) ophiolites are the best candidates, as in these tectonic setting the mantle wedge above the subduction zone and the oceanic or arc crust is generally preserved. The island of Cuba hosts one of the largest SSZ ophiolite belts in the world, and in its easternmost part (the so-called Mayarí-Baracoa Ophiolitic Belt: MBOB; Fig. 1a ) a portion of strongly depleted upper mantle, which was criptically metasomatized by slab-derived fluids with sedimentary contributions, is associated with a complementary oceanic arc crust (Proenza et al., 1999; Marchesi et al., 2006 Marchesi et al., , 2007 . The recent discovery of crustal zircon grains in the Cretaceous gabbros of the MBOB , complementary to a mantle section containing chromitite bodies, offers an unique scenario for evaluating the recycling of crustal material in the mantle and tracking return pathways to the Earth's surface.
In the present study we used the most innovative techniques of mineral separation (Selfrag) and concentration (Hydroseparation) for obtain heavy minerals (including zircon grains) from several chromite deposits of the MBOB. These deposits include the different compositional chromite types known in ophiolites (i.e., high-Cr and high-Al composition) and represent different levels of the mantle section (from relatively deep mantle to the uppermost part of the mantle-crust transition). We present in situ SHRIMP and LA-(MC)-ICPMS U-Pb dating and Hf isotope compositions of the recovered zircon grains in order to constrain the age and character of the fluids/melts from which they crystallized. The presence of old xenocrystic zircon grains with both crustal and juvenile signatures within the chromitites of the MBOB is integrated with recent regional geochemical and petrological data and paleotectonic models of the region to offer an explanation for the presence of old zircon grains in the Cretaceous Caribbean oceanic mantle.
Geological setting
The geology of eastern Cuba is dominated by oceanic units of Early to Late Cretaceous volcanic arc sequences, the Mayarí-Baracoa ophiolitic belt, and associated Early Cretaceous high-pressure serpentinite-matrix subduction mélanges (Sierra del Convento and La Corea) and a Late Cretaceous metamorphic sole (the Güira de Jauco Amphibolite Complex) (Iturralde-Vinent, 1996; Proenza et al., 1999 Proenza et al., , 2006 Iturralde-Vinent et al., 2006; Garcia-Casco et al., 2006 , 2008a Lázaro et al., 2009 Lázaro et al., , 2015 Blanco-Quintero et al., 2011a, b, c; Fig. 1b) . These units constitute tectonic nappes with a general vergence of thrusting towards the NE and accreted in the Late CretaceouseEarliest Palaeocene (e.g., Iturralde-Vinent, 1996; Cobiella-Reguera, 2005; Iturralde-Vinent et al., 2006) . Other lithotectonic associations in eastern Cuba are the Late Cretaceous HP metasedimentary rocks of the Asunción terrane, and MaastrichtianeDanian synorogenic deposits of La Picota and Mícara formations (Iturralde-Vinent, 1996 Garcia-Casco et al., 2008a; Fig. 1b) .
Cuban ophiolites: the Mayarí-Baracoa ophiolitic belt (MBOB)
The Mesozoic ophiolitic bodies of Cuba (the so-called Northern Cuban Ophiolite Belt, NCOB, in west-central Cuba; and the Mayarí-Baracoa Ophiolite Belt, MBOB, located in eastern Cuba) form a discontinuous belt more than 1000 km in length that constitutes the most extensive surface exposure of oceanic lithosphere in the circum-Caribbean region ( Fig. 1a ; Iturralde-Vinent, 1996; CobiellaReguera, 2005; Garcia-Casco et al., 2006; Lewis et al., 2006; Iturralde-Vinent et al., 2016) . These ophiolites represent slices of oceanic lithosphere obducted onto the North American continental paleo-margin in Latest Cretaceous to Late Eocene time during the collision between the leading edge of the Caribbean plate (volcanic arc of the Caribbean) with JurassiceCretaceous passive margins of the continental Maya block and the Bahamas platform (IturraldeVinent, 1996; Garcia-Casco et al., 2008a, b) .
The ophiolite assemblage of the MBOB (170 km long, 10e30 km wide, average 3.5 km thick; Fig. 1a ; Iturralde-Vinent, 1996; Proenza et al., 1999; Marchesi et al., 2006) is highly dismembered and constitutes a portion of MOR-like lithosphere modified in a suprasubduction zone related to the intra-oceanic Greater Antilles arc, developed during the Lower-Upper Cretaceous (Proenza et al., 1999) . The MBOB hosts sections of mantle tectonite harzburgite, Moho transition zone (MTZ), layered gabbros and mafic volcanic rocks (Proenza et al., 1999; Lewis et al., 2006; Marchesi et al., 2006; Iturralde-Vinent et al., 2016) . Major fault zones separate the MBOB into two individual thrust-bounded blocks ("massif"), namely the Mayarí-Cristal massif to the west and the Moa-Baracoa massif to the east (Fig. 1b) .
The Mayarí-Cristal massif
The Mayarí-Cristal massif is made up mainly of highly serpentinized harzburgite tectonite (>5 km thick) hosting subconcordant and discordant dunite bodies that often enclose chromitite bodies ( Fig. 1b and c) . The peridotites are locally cut by several generations of websterite and gabbroic dykes of IAT affinity . The easternmost part of the massif (Sagua de Tánamo region; Fig. 1 ) is composed of highly serpentinized mantle tectonites (dunite and harzburgite), which are tectonically emplaced onto the Turonian to Early Coniacioan forearc-related volcanic rocks of the Teìneme Formation and the MaastrichtianeDanian olistostromic synorogenic rocks of Micara and La Picota formations (Fig. 1b) Iturralde-Vinent et al., 2006; Marchesi et al., 2006 Marchesi et al., , 2007 . Basaltic rocks of the Teìneme Fm. are low-Ti island-arc tholeiites with boninitic affinity, and have been interpreted as formed in a fore-arc environment during the early stages of subduction .
The Moa-Baracoa massif
The Moa-Baracoa is made up of a w2.2 km thick section of mantle-tectonite harzburgite with subordinate dunite and a MTZ crosscut by gabbroic dikes (locally pegmatitic) associated with layered and isotropic gabbro sequence (w500 m thick; Fig. 1b, d ). Peridotites and layered and isotropic gabbros of the Moa-Baracoa massif are in tectonic contact with pillow basalts of the TuronianConiacian Morel Formation (88e91 Ma; Iturralde-Vinent et al., 2006) with a back-arc geochemical affinity Marchesi et al., 2007) . Marchesi et al. (2006) showed that cumulate gabbros from this massif and Morel back-arc volcanics show similar geochemical affinities and proposed a genetic link. In general, a forearc setting is suggested for the formation of the Mayarí-Cristal Ophiolite Massif, whereas the Moa-Baracoa Ophiolite Massif was formed in a backarc environment (Gervilla et al., 2005; Proenza et al., 2006; Blanco-Quintero et al., 2011b; Lázaro et al., 2015) .
The chromite deposits
More than 250 chromite deposits and occurrences have been described in the MBOB (Proenza et al., 1999 (Proenza et al., , 2001a Gervilla et al., 2005; González-Jiménez et al., 2011) . Proenza et al. (1999) grouped these chromitite bodies into three mining districts according to the composition of chromite, from west to east: Mayarí, Sagua de Tánamo and Moa-Baracoa (Fig. 1) .
The Mayarí district is located in the western part of the Mayarí-Cristal massif and includes small to medium-sized high-Cr Geological map of the MBOB (Pushcharovsky, 1988) (Proenza et al., 1999; Gervilla et al., 2005; González-Jiménez et al., 2011) . Chromitite bodies are small and variable in size (30e40 m long, 10e20 m wide, 1e3 m thick) and have tabular to lenticular shapes. These chromitites are also enclosed in serpentinized dunite pods widespread within the upper-mantle harzburgite and are both concordant and discordant to the foliation of the host peridotite (Fig. 1c) . However, some chromitite bodies host concordant lenses and cross-cutting dykes of fine to coarse-grained amphibole-bearing gabbro.
The Moa-Baracoa district comprises the whole Moa-Baracoa massif and contains bodies of high-Al chromitite (Cr# ¼ 0.41e0.54) and variable TiO 2 (0.05e0.52 wt.%). These chromitites have tabular to lenticular shapes, show variably thick dunite envelopes, and are concordant to the foliation of the host peridotite. Proenza et al. (1999 Proenza et al. ( , 2001a showed that chromitite invaded and replaced a first generation of gabbro sills in dunite, whereas a second generation of gabbroic dykes crosscut them (Fig. 1d) .
Calculated melts in equilibrium with the Al-rich chromitites are close to the composition of back-arc basin basalts (BABB), whereas the melts in equilibrium with the Cr-rich chromitites are of magnesian andesitic or boninitic affinity (Proenza et al., 1999; Gervilla et al., 2005; González-Jiménez et al., 2011) . This coexistence of high-Cr and high-Al chromitites related to contrasted magmatic liquids reflects the spatial distribution of intrusions of arc-related mantle-derived magmas (boninites, IAT and BABB) in a long-lasting mantle wedge of the northern Caribbean suprasubduction zone.
Sampling and analytical methods

Chromitite samples
Zircon grains analyzed in this study were separated from three different chromite deposits, namely the high-Cr chromite deposit of Caridad hosted in the deeper upper-mantle tectonite of the Sagua de Tánamo district in the easternmost part of Mayarí-Cristal massif; and from the high-Al chromite deposits of Mercedita and Potosí located in the MTZ exposed in the Moa-Baracoa massif ( Fig. 1 ; Proenza et al., 1999; González-Jiménez et al., 2011) .
The chromite deposit of Caridad is a small body (up to 5 m thick and up to 10 m long) that occurs within a dunite lens lying concordantly in the tectonite mantle harzburgite (Figs. 1b, c and 2a) . Massive-textured ore is the most common type, but disseminated and banded-textured ore occurs towards the external parts of the body (Proenza et al., 1999; Gervilla et al., 2005; González-Jiménez et al., 2011) . Zircon grains were extracted from massive chromitite bands (Caridad sample; Fig. 2a ) which are almost entirely composed of unaltered Cr-rich chromite (Cr# ¼ 0.7) and minor olivine grains partially replaced by serpentine and minor clinochlore.
The Mercedita deposit is located in the southernmost part of the Moa-Baracoa massif (Fig. 1b) and is the largest ophiolitic chromite deposit in the Americas. The largest body has a lateral extension of 600 m, a width of 250 m, and a thickness of up to 20 m (Proenza et al., 1998 (Proenza et al., , 1999 . The chromitite is enclosed in a dunite envelope of variable width (some centimeters to several meters), which is hosted in harzburgite of the MTZ around 250 m below the layered gabbro unit (Figs. 1d and 2b) . The chromite ore is concordant with the main structure of the enclosing peridotite and often enclose gabbro bodies (sills). The zircon-bearing sample studied here is a massive chromitite (Mercedita sample; Fig. 2b ) made up by 95% of unaltered high-Al chromite (Cr# ¼ 0.47) with accessory olivine, and secondary serpentine and clinochlore.
The Potosí chromite deposit is located in the Moa-Baracoa massif (Fig. 1b) and occurs in dunite bodies within the MTZ, around 800 m below the layered gabbro unit ( Fig. 1d ; Proenza et al., 2001a) . The ore deposit has a lateral extension about 220 m and 8 to 25 m wide. Chromitites are found in lenses with extremely variable size and irregular shapes, from tabular to lenticular. Proenza et al. (2001a) showed that these chromite bodies are intruded by pegmatitic gabbroic dikes (Fig. 2c) , representing a late episode of intrusion of basaltic magma. The intrusion of the pegmatitic gabbro followed the direction of pull-apart fractures in the chromitites, which give rise to brecciated chromite ores made up of massive chromitite blocks embedded in a matrix of olivine-rich norite (Proenza et al., 2001a, b) . Zircon grains were extracted from this type of chromite ore (Potosí sample, a breccia-textured chromitite with Cr# ¼ 0.5; Fig. 2c ).
Zircon separation and concentration
Zircon grains were recovered from massive chromitite samples using two different methods. A set of 5 zircon grains was recovered from the Caridad chromitite using the high-voltage electric pulsed SelFrag rock disaggregation facility at the Geochemical Analysis Unit, CCFS (GEMOC, Australia). A total of 2 kg of chromitite was split into samples of 200e300 g in successive cycles and the whole system was cleaned with water between each cycle to avoid any possible contamination. The split sample was sieved to a fraction < 210 mm and the sieved material was spread in metallic trays and oven-dried at 80 C. The dried material was processed by several cycles of magnetic separation with increasing magnetic field using a Frantz electro-magnetic separator. Finally, zircon grains were hand-picked under a Leica UV microscope, mounted in 25 mm epoxy resin discs and polished.
Another set of 21 zircon grains was obtained after processing 2.7 and 0.5 kg of chromitite from the Mercedita (4 zircon grains) and Potosí deposits (17 zircon grains), respectively. Chromitite samples were crushed to a grain size <125 mm using a RETSCH vibratory disc mill (RS 100) equipped with an agate grinding set. A rough preconcentration was achieved by ultrasonic decantation followed by a carefully performed wet sieving by hand through standard screen series (53, 75, 106, 125 mm). The <53 mm and 53e75 mm fractions were processed by hydroseparation, using the computer-controlled device CNT HS 11 at the HS laboratory in Barcelona (see Aiglsperger et al., 2015 for technical details; www.hslab-barcelona.com). The separation process was accomplished with ascending flow rates and changing impulse regimes in two steps: (1) production of a preliminary concentrate using a 30 cm long glass separation tube (GST) (inner diameter 8 mm); (2) production of the final concentrate using a 10 cm long GST (inner diameter 5 mm). Several monolayer polished sections (2.5 cm) were produced from 0.2 mg of each final concentrate, which were later analyzed by optical and scanning electron microscope (SEM) at the University of Barcelona.
Mineral imaging
Prior to the isotopic analyses all zircon grains were imaged by Cathodoluminescence (CL) and/or Backscatered Electron (BSE) mode to examine their internal structure. CL and BSE images of the zircon grains were obtained using two Scanning Electron Microscopes (SEM): (1) Proenza et al., 1998 Proenza et al., , 1999 , Potosí (modified from Proenza et al., 2001a) .
U-Pb and Hf isotopes
Zircon grains were analyzed in situ for UePb and Hf isotopes, using a LA-ICPMS and a LA-MC-ICPMS, respectively, at the Geochemical Analysis Unit (GAU) of the GEMOC/CCFS (Sydney, Australia). Moreover, five zircon grains with grain-sizes less than 60 mm were dated using a SHRIMP II instrument, in the John de Laeter Centre, Curtin University (Perth, Australia). The results are listed in Tables 1 and 2 . Further details of the analytical methods for isotopic analyses and calculations (e.g. ε Hf , T DM ) are given in Appendix 1.
Results
The Caridad chromite deposit
The zircon crystals are mainly stubby, vary in shape from euhedral (equant) to broken crystals and are about 50 mm across (Fig. 3) . The cathodoluminescence (CL) images show the presence of cloudy oscillatory zoning, in one case with signs of magmatic resorption and overgrowth (Zr-3 in Fig. 3 ). The exception is grain Zr-1, which is a broken crystal with sector zoning parallel to crystal faces. All zircon grains are free of mineral inclusions, except grain Zr-2 which shows a highly-luminescent euhedral core related to monazite. Ion microprobe analyses of these zircon grains (n ¼ 5) yield concordant Neoproterozoic ages (554 AE 29 Ma; 2s uncertainty) and mainly subconcordant Paleoproterozoic ages (1867 AE 58 Ma to 2130 AE 36 Ma) (Fig. 3 , Table 1 and Appendix 2). The Neoproterozoic zircon grain shows highly unradiogenic Hf-isotope ratios (ε Hf (t) ¼ À26.5) corresponding to a 2.14 Ga depleted-mantle Hf model age (T DM ), whereas the Paleoproterozoic grains show a restricted range of Hf-isotope compositions (ε Hf (t) ¼ À3.2 to þ0.9) close to that of contemporary depleted upper mantle and T DM from 2.34 to 2.62 Ga ( Fig. 3; Table 2 ).
The Mercedita chromite deposit
The four grains recovered from the chromitite sample are euhedral in shape with elongated habits (Fig. 4) . All zircon grains are characterized by oscillatory zoning parallel to the external faces of the crystal. Two zircon grains (Zr-6 and Zr-8) contain minute inclusions of monazite (Fig. 4) . In situ LA-ICP-MS analyses of the zircon (n ¼ 4) yield concordant U-Pb early Permian and late Carboniferous ages between 289 AE 9 Ma and 310 AE 10 Ma, with a lower intercepts at 290 AE 8 Ma (Table 1 and Appendix 2). These Paleozoic zircon grains exhibit ε Hf (t) between À5.57 and À3.67, and T DM ranges from 1.07 Ga to 1.15 Ga (Fig. 4, Table 2 ).
The Potosí chromite deposit
The zircon crystals recovered from the Potosí chromite deposit vary in shape from euhedral (elongated to equant) to rounded, and in some cases have convolute or oscillatory zoning and inherited cores overgrown by younger rims (Figs. 5e7) . SEM-EDS and microRaman analyses reveal that many of these zircon grains host inclusions of K-feldspar, quartz, biotite and apatite, and occasional ilmenite (Figs. 6 and 7) . Typical mantle minerals (olivine, orthopyroxene, clinopyroxene, Cr-spinel) where not found as inclusions in the zircon grains. There is no clear correlation between zircon shape, presence of mineral inclusions and age, although some of the oldest zircon grains are rounded (Figs. 6 and 7) .
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Discussion
Origin of zircon grains in the eastern Cuban ophiolitic chromitites
Zircon grains from the eastern Cuba chromitites yield a significant range in age, scattering from Cretaceous (99 Ma) to Neoarchean (2750 Ma) with ε Hf (t) values ranging from À26.5 to þ13.5. The youngest ages (99 and 118 Ma) coincide with the formation age of the oceanic crust of the hosting ophiolite while the older zircon grains are considered to be inherited (Fig. 8 ). Below we discuss the possible origin of these zircon grains.
Cretaceous zircon grains related to ophiolite formation
Two zircon grains (Zr-10 and Zr-11; Fig. 5 , Table 1 ) from the Potosí chromite deposit are essentially of the same age (99 and 118 Ma) as zircon grains of igneous rocks related to ophiolite formation (90e125 Ma; Iturralde-Vinent, 1996; Iturralde-Vinent et al., 2006) . The ages of these zircon grains match, within uncertainty, the U-Pb age of zircon grains from a Fe-Ti-rich gabbro intruding the mantle peridotite section at the Moa-Baracoa ophiolitic massif (124 AE 1 Ma; Rojas-Agramonte et al., 2016) . Cretaceous zircon grains in the gabbro were interpreted to date the time of crystallization, and therefore of ophiolite formation. The corresponding mean ε Hf (t) value of þ13 in these zircon grains ) is identical to the Cretaceous zircon of the Potosí chromite deposit (ε Hf (t) ¼ þ13.5) suggesting that both derived from a juvenile (mantle) source (Figs. 5 and 9) . Indeed, the euhedral morphology of the chromitite-hosted zircon and its juvenile Hfisotopic composition (Fig. 5) indicate a genetic link between zircon crystallization, the host chromitite, and the overlying crustal igneous rocks. In this scenario, the zircon age of 99 Ma would provide a minimum age for chromitite crystallization in the mantle just below the Moho, from melts migrating upwards to the developing oceanic crust. However, Proenza et al. (2001a) noted that the Potosí chromitites were intruded by different pegmatitic mafic dykes (Figs. 1d and 2c ) that produced brecciation, partial dissolution, and recrystallization of chromitite. According to these authors, Ti-and Zr-bearing minerals such as Mg-rich ilmenite, baddeleyite and zirconolite were found in the contact zone between chromitite and associated mafic dykes. Although not dated yet, these mafic dykes also contain zircon grains as well as other HFSE-bearing minerals, indicative of their crystallization from highly evolved hydrated basaltic melts rich in Fe-Ti (Proenza et al., 2001a, b) . This leads us to suggest the possibility that Cretaceous zircon grains recovered from the Potosí chromitite sample could have crystallized from the intruding mafic melts that overprinted the chromitite body instead of being co-genetic with the chromitite. In this latter scenario, these zircon grains could be dating the timing of late episodes of intrusion of basaltic magmas associated with ophiolite formation. Gabbroic dikes intruding harzburgite and dunite in the MTZ are a characteristic feature of ophiolitic complexes (e.g., Kelemen et al., 1997) .
Inherited zircon grains with negative ε Hf (t) (continental crust zircon grains)
Most of the recovered inherited zircon grains (20 grains) from the three chromitite bodies have negative ε Hf (t) ( Table 1) , suggesting they are derived from old continental crust and variably contaminated upper mantle source regions. Most of these zircon grains are of Permo-Carboniferous age (287e311 Ma; ε Hf (t) ¼ À5.6 to À0.6; Figs. 4 and 6). The remaining age populations include mainly Neoproterozoic (554e898 Ma; ε Hf (t) ¼ À26.5 to À8.0; Zr-1 in Fig. 3 and Zr-22 in Fig. 7) , Paleoproterozoic (1867e2397 Ma; ε Hf (t) ¼ À9.3 to À1; Figs. 3 and 7) , and one Neoarchean zircon grain (2750 Ma; ε Hf (t) ¼ À0.6; Zr-26 in Fig. 7) . The age ranges of these zircon grains broadly match, in terms of ages and Hf isotopic systematics, with inherited zircon grains of continental crust origin found in the Cretaceous supra-subduction zone ophiolitic and volcanic arc rocks of Cuba (w135e70 Ma; Rojas-Agramonte et al., 2010 Figs. 8 and 9) . This suggests that zircon grains in the mantle-hosted chromitite and the igneous rocks of the overlying crust probably were derived from the same crustal source. This is consistent with the fact that many of the chromitite-hosted zircon grains, regardless of their morphology, internal structure, age and Hf isotopic composition, contain inclusions of crustal minerals, such as quartz, K-feldspar, biotite and apatite (Figs. 6 and 7) and lack inclusions of typical mantle minerals such as olivine, pyroxene and Cr-spinel. Hence, crustally-derived zircon grains may have been introduced into the mantle by subduction of detrital sediments deposited on the ocean floor or the trench and/or by subduction erosion of sediments deposited on the fore-arc (e.g. Yamamoto et al., 2013; Rojas-Agramonte et al., 2016) . They could have been physically transported into the mantle wedge beneath the Greater Antilles paleo-volcanic arc by fluids or melts, that likely penetrated the mantle wedge along brittle (veins) or ductile (diapirs/cold plumes) structures (Castro et al., 2010; Marschall and Schumacher, 2012; Spandler and Pirard, 2013) . This interpretation is consistent with the Pb isotopic systematics of igneous rocks from eastern Cuba, which fingerprint subducted Atlantic (North American-derived) sediments within the subduction factory of the Greater Antilles Paleo-arc .
We propose that pre-existing (inherited) zircon grains with negative ε Hf (t), document crustal contamination of the suprasubduction oceanic mantle. They resided in the mantle peridotite and underwent no significant resetting of their U-Pb ages despite the high temperature of the mantle (Stern et al., 2010 and references therein), before being entrained into the chromitite bodies (Yamamoto et al., 2013) .
Inherited zircon grains with positive ε Hf (t): SCLM or continental crust zircon grains?
The eastern Cuba chromitites also contain 5 inherited zircon grains (Potosí: Zr-16, Zr-20, Zr-21, Zr-25; Caridad: Zr-3; Figs. 3, 6 and 7 and Table 2 ) with positive ε Hf (t) (þ0.7 to þ13.5), typical of zircon grains that crystallized from melts derived from a juvenile (mantle) sources. In particular, two Neoproterozoic (711 and 713 Ma) zircon grains from Potosí (Zr-20 and Zr-21, Fig. 7 ) have a remarkably mantle-like Hf isotope signature ε Hf (t) ranging from þ12.4 to þ13.5, and mean T DM of 0.76 Ga. In principle, these zircon grains with Hf-isotope composition, indicative of mantlederived melts, could be grains that originally crystallized in a portion of ancient subcontinental lithosphere mantle (SCLM), or grains that were incorporated into the mantle wedge of the Great Antilles Paleo-arc by subduction of detrital sediments derived from rocks that have crystallized from melts with juvenile sources (e.g., mafic to intermediate igneous rocks).
It is important to note that platinum-group minerals (PGM) and base-metal sulfides (BMS) in chromitite bodies of eastern Cuba give a range of Os model ages (T MA z T RD ) from 0.1 to 1.2 Ga, suggesting the presence of different ancient depleted domains in the mantle wedge beneath the Greater Antilles paleo-island arc González-Jiménez et al., 2012 ). These Os model ages suggest that the protoliths of chromitite-bearing MBOB mantle section may be derived from ancient SCLM as old as Proterozoic, as described in ophiolites elsewhere (Peltonen et al., 2003; Shi et al., 2007; McGowan et al., 2015) .
As noted above, the Potosí chromitites contain two Neoproterozoic zircon grains (w700 Ma) with remarkably positive ε Hf (t) (þ12.4 to þ13.5). Considering the uncertainties inherent in model age calculations, the Hf model ages (T DM of 0.76 Ga) of these zircon grains overlap to the Os model ages of 0.72 and 0.75 Ga obtained by Marchesi et al. (2011) and González-Jiménez et al. (2012) in PGM and BMS populations of Mayarí-Baracoa chromitites. This age match may indicate the existence of a Proterozoic mantle precursor (protolith), which experienced melting events during Neoproterozoic time, in the mantle wedge beneath the Greater Antilles paleovolcanic arc. Thus the two Proterozoic zircon grains with ε Hf (t) [ 0 could provide support for the hypothesis that residual domains of ancient SCLM as old as Proterozoic of likely Gondwana affinity were present within the Caribbean lithosphere (Kamenov et al., 2011) , and served as platform for the construction of the Cretaceous ophiolites (e.g., Shi et al., 2007; Griffin et al., 2009; O'Reilly et al., 2009; Tang et al., 2013) .
However, other lines of evidence indicate that the zircon grains with positive ε Hf (t) were not crystallized from the melts/fluids in the mantle: (1) the zircon grains are well-rounded grains without overgrowths (Zr-20 and Zr-21, Fig. 7 ) suggesting mechanical abrasion during sedimentary transport; (2) the common occurrence of Permo-Carboniferous and Neoproterozoic terranes with similar ε Hf (t) values of À20 to þ15 in the margin of ProtoCaribbean basin (e.g., Cardona et al., 2010; Kirsch et al., 2012; Cochrane et al., 2014; Ortega-Obregón et al., 2014; Solari et al., 2014; Fig. 9 ). According to these observations, subduction of detrital material might account for the presence of inherited zircon grains with positive ε Hf (t). Zircon grains from continental crust can also have juvenile Hf isotope signatures (e.g., zircon grains from I-type relatively mafic granitoids such as tonalite and granodiorite). These zircon grains survived melting of recycled continental crust (e.g. Rojas-Agramonte et al., 2016) in a single process (cycle) of erosion, deposition, subduction and transfer into the mantle.
We favor the idea that inherited zircon grains with positive ε Hf (t) were incorporated into the mantle wedge either after subduction of detrital sediments or from remnants of ancient SCLM (Gondwanaderived) left behind during the fragmentation of Pangea at the oceanic Proto-Caribbean lithospheric mantle.
Comparison with ancient xenocrystic zircon grains from other mantle-hosted ophiolitic chromitites
Dated zircon grains interpreted as xenocrysts have been reported from mantle-hosted chromitites of the RayeIz ophiolite (Polar Urals, Russia; Savelieva et al., 2007; Robinson et al., 2015) , Luobusa ophiolite (southern, Tibet; Yamamoto et al., 2013; Robinson et al., 2015) , Dongqiao ophiolites (central Tibet; Robinson et al., 2015) , Oman ophiolite , Dobromirtsi ophiolite (Bulgaria, González-Jiménez et al., 2015) , SW Anatolian ophiolites (Turkey, Akbulut et al., 2016) , and the Tumut ophiolite (southeast Australia, Belousova et al., 2015) .
In general, UePb ages of zircon grains separated from ophiolitic chromitites are older than the host ophiolite (Yamamoto et al., 2013; Robinson et al., 2015; Akbulut et al., 2016; Belousova et al., 2015;  this study). Systematically, zircon grains documented in ophiolitic chromitites mainly contain continental crust-derived mineral inclusions (quartz, K-feldspar and biotite), by contrast, mantle minerals (olivine, orthopyroxene, clinopyroxene, Cr-spinel) have not been identified (Yamamoto et al., 2013; Robinson et al., 2015; Figs. 6 and 7 in this study).
The morphology of zircon crystals from ophiolitic chromitites varies from euhedral to subhedral and well-rounded. Some grains show oscillatory zoning parallel to external faces of the crystal (Savelieva et al., 2007; Yamamoto et al., 2013; Robinson et al., 2015; Fig. 4 in this study). However, many zircon grains occur as subangular to rounded grains suggesting a detrital history (Yamamoto et al., 2013; Robinson et al., 2015; Belousova et al., 2015; Griffin et al., 2016; Fig. 7 in this study).
Available studies reveal that zircon grains from ophiolitic mantle chromitites show a relatively restricted range of Hf isotope compositions. 376 AE 7 Ma euhedral zircon grains from Tibetan chromitites have ε Hf (t) of 8. 5 AE 5.4 (McGowan et al., 2015) . Two subhedral xenocrystic zircon grains (2257e1952 Ma) from Dobromirtsi chromitites have ε Hf (t) ¼ À4.4 to þ3.6 . Seven rounded zircon grains (593e2289 Ma) recovered from Tumut ophiolite chromitites have ε Hf (t) values between À6 and þ6.8 . In contrast, zircon grains (99e2750 Ma) from eastern Cuba chromitites show a significant range in ε Hf (t) values (À26 to þ13.5).
Previous studies have concluded that there is no correlation between age and morphology or internal structure (e.g., Yamamoto et al., 2013; Robinson et al., 2015) . However, in general our results indicate that the younger zircon grains are mainly euhedral to subhedral crystals (Figs. 4e6) , whereas older zircon grains are predominantly rounded grains (Fig. 7) . Furthermore, the presence of euhedral zircon grains with pronounced oscillatory zoning did not crystallize from the magma that formed the chromitite bodies as they contain abundant inclusions of crustal minerals and clearly are xenocrysts (Fig. 6 ).
Provenance of inherited zircon grains
The LA-MC-ICPMS and SHRIMP analyses of zircon grains extracted from chromitite bodies of the Mayarí-Baracoa Ophiolite in eastern Cuba show a wide variation of ages and Hf-isotopic composition that broadly coincides with that found in inherited zircon grains of crustal origin in the Cretaceous Volcanic Arc and ophiolitic rocks of Cuba (Figs. 8 and 9; Rojas-Agramonte et al., 2016) . These authors concluded that these zircon grains are xenocrysts recycled through the upper mantle within the Cretaceous subduction zone factory, and that most of them originated in The major population of zircon grains with PermianeCarboniferous ages in eastern Cuba chromitite samples could have been derived from Late CarboniferousePermian plutonic rocks of the southwestern Mexico and Colombian Caribbean terranes, associated with a continental arc formed at the proto-Pacific margin (e.g., Keppie et al., 2004; Nance et al., 2006; Cardona et al., 2010; Leal-Mejía et al., 2011; Kirsch et al., 2012; Ortega-Obregón et al., 2014; Centeno et al., 2017) . Derivation from the so-called East Mexico Arc in southern Mexico is supported by the predominant occurrence of zircon grains with ages from 287 to 311 Ma (Figs. 8 and 9 ). According to Kirsch et al. (2012) , this magmatic continental arc includes deformed intrusive bodies (tonalite, diorite, granite, granodiorite, monzogranite, and subordinate hornblende-rich gabbro) with ages between ca. 280 and ca. 310 Ma. These intrusive bodies were rapidly exhumed to the surface by the end of Early Permian time (Kirsch et al., 2013) . In the Colombian Andes, Late CarboniferousePermian arc magmatism has been dated at 330e310 Ma (El Brage sector; Leal-Mejía et al., 2011), 275e260 Ma (Central Cordillera; Leal-Mejía et al., 2011) , and 288e265 Ma (Santa Marta region; Cardona et al., 2010) .
The Neoproterozoic inherited ages (554 AE 15 Ma to 898 AE 11 Ma, Panafrican/Braziliano) can possibly be related to terranes similar to those of southern Mexico (Talavera-Mendoza et al., 2005; OrtegaObregón et al., 2014; Solari et al., 2014) and the palaeo-Pacific margin of the Gondwana supercontinent (Kemp et al., 2007) . According to Rojas-Agramonte et al. (2016) , Paleoproterozoic (1867 AE 29 Ma to 2126 AE 27 Ma) and Neoarchean (2750 AE 30 Ma) populations are mostly derived from "proto-Oaxaquia" terranes in SW Mexico (Weber and Schulze, 2014) and the palaeo-Pacific margin of the Gondwana supercontinent (Kemp et al., 2007) .
Tectonic model
The evidence presented here indicates that the mantle wedge beneath the Early Cretaceous Antilles volcanic arc contained subducted continental-derived zircon grains. However, how can these xenocrystic zircon grains can be transported and recycled into the shallow oceanic mantle? The origin of zircon grains, and other exotic minerals of typical crustal origin, in ophiolitic mantle chromitites remains a hotly debated topic (Yamamoto et al., 2013; Zhou et al., 2014; Yang et al., 2014 Yang et al., , 2015 Robinson et al., 2015; McGowan et al., 2015; Griffin et al., 2016) . In general, models can be grouped into two broad categories: (1) transport of crustal material into the deep mantle (>420 km) by previous subduction processes, and zircon entrapment by a mantle plume ; and (2) physical incorporation of zircon and other crustal minerals into the suprasubduction mantle wedge via subduction of oceanic crust, and later entrapment during formation of chromitite at low pressures in the shallow mantle (e.g., Zhou et al., 2014; Robinson et al., 2015) .
In Fig. 10 the occurrence of crustally-derived xenocrystic zircon in mantle-hosted ophiolitic chromitites of eastern Cuba is conceptualized within the current models of plate tectonic evolution of the Caribbean region (Pindell et al., 2012; Boschman et al., 2014) . Cretaceous spreading of the Proto-Caribbean ocean (connected with the central Atlantic) separated North and South America, while subduction of the young hot Proto-Caribbean lithosphere in the leading edge of the Farallon/Caribbean plate started in the Early Cretaceous (Rojas-Agramonte et al., 2011) . The Moa ophiolite in eastern Cuba formed in the first 10e15 Ma after subduction initiation (Rojas-Agramonte et al., 2016; see also Lázaro et al., 2016; Torró et al., 2016 Torró et al., , 2017 in a supra-subduction environment (Proenza et al., 1999 Gervilla et al., 2005; Marchesi et al., 2006 Marchesi et al., , 2007 , while ridge subduction formed partially-melted metabasaltic crust of the Sierra del Convento and La Corea mél-anges (Garcia-Casco et al., 2006 , 2008b Lázaro et al., 2009; BlancoQuintero et al., 2010 BlancoQuintero et al., , 2011a interpreted as an aborted thermalchemical cold plume formed at shallow depth (ca. 50 km, BlancoQuintero et al., 2011a ). An active partially molten thermalchemical plume originating at greater depth from the subducted slab is indicated (Fig. 10) . This cold plume comprises partially molten hydrated peridotite, dry solid mantle, and subducted oceanic crust (Gerya and Yuen, 2003; Gorczyk et al., 2007; BlancoQuintero et al., 2011a) , which may bear continental and juvenile detrital sediments derived from North and South America and containing zircon grains deposited in the Proto-Caribbean basin Torró et al., 2018) . Ascent of these plumes from >100 km depth brings asthenospheric and lithospheric mantle and subducted crustal material to shallow mantle depths, contributing to arc magmatism (e.g., Castro et al., 2010) and the mineralogical/lithological heterogeneity of mantle wedges, including podiform chromitite-dunite bodies (Yamamoto et al., 2013; Zhou et al., 2014; Yang et al., 2014 Yang et al., , 2015 Robinson et al., 2015; Griffin et al., 2016; González-Jiménez et al., 2017b) .
Conclusions
(1) Zircon grains from chromitites in eastern Cuba ophiolites contain crustally-derived mineral inclusions (quartz, K-feldspar and biotite), but no inclusions of mantle minerals (olivine, orthopyroxene, clinopyroxene, Cr-spinel). (2) Younger zircon grains are mainly euhedral to subhedral crystals, whereas older zircon grains are predominantly rounded grains. Most of the inherited zircon grains from the three chromitite bodies have negative ε Hf (t), suggesting their possible derivation from old continental crust and variably contaminated upper mantle source regions. (3) Chromitite zircon grains are subducted detrital material incorporated into the mantle wedge beneath the Greater Antilles volcanic arc; they ultimately were derived from nearby exposed crustal terranes of northern part of South America and Mexico (i.e., Chortis, Maya blocks and Mexican terranes). (4) Cold plumes offer a convincing explanation by which ancient zircon xenocrysts with a wide spectrum of ages and Hf isotopic compositions can be transferred to the mantle wedge above subducting slabs.
